One of the limitations of conventional tissue culture on flat two-dimensional surfaces is the loss of complex interactions between the epithelium and stroma. We have devised a culture system that recreates the salient features of the stratified epithelium using primary cell cultures from mouse models. The protocol described here is applicable to the esophageal epithelium, but stratified epithelial cells from other organs (e.g., skin) can be grown. Once established, the system can be used to interrogate the effect of various pharmacologic and genetic manipulations on epithelial homeostasis and invasion.
Reagents
Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) Epithelial cells (1 × 10 7 cells/mL)
Prepare this cell suspension from stratified epithelia after collagenase and trypsin digestion as described in Harada et al. (2003) .
Ethanol ( 2. Prepare Solution A in an ice cold 50-mL tube.
3. Distribute 1 mL of Solution A onto each transwell filter. Incubate at room temperature for 15 min until the solution solidifies. 4. Prepare Solution B in an ice cold 50-mL tube.
5. Add 3 mL of Solution B on top of the solidified collagen layer, making sure no air bubbles are trapped between the layers. 6. Incubate the transwell plates at 37˚C for 45 min, until both layers have solidified.
Make sure not to agitate the plate.
7. Add 10 mL and 2 mL of 10% FBS/DMEM to the bottom and top wells, respectively. Incubate overnight at 37˚C in a 5% CO 2 incubator. 8. Dislodge the collagen matrix from the walls of the transwell insert by gently running a sterile Pasteur pipette (held vertically) around the edge without puncturing the transwell membrane or breaking the pipette tip. 9. Add 2 mL of 10% FCS/DMEM to the transwell and return it to incubator. Over the next 5 d, confirm that the collagen matrix contracts, creating an indentation in the middle of the basal layer. The medium does not need to be changed during this time.
See Troubleshooting.
10. Prepare Solution C.
11. Gently aspirate media from both compartments of each transwell without disturbing the basal matrix layer. 12. Add 10 mL and 2 mL of Solution C to the bottom and top wells, respectively. Place the plate in the incubator for 1 h. 13. Remove Solution C and gently add 50 µL of epithelial cells (1 × 10 7 cells/mL; 5 × 10 5 total cells per well) into the indentation at the center of the matrix. 14. Return the plate to the incubator for 2 h.
Prepare Solution D.
16. Add 10 mL and 2 mL of Solution D to the bottom and top wells, respectively, and return the plate to the incubator. Store the remaining media at 4˚C. 17. After 48 h, replace media from both wells with 10 mL and 2 mL of Solution D in the bottom and top compartments, respectively. Return the plate to the incubator. 18. After 48 h, remove media from both compartments. Add 7.5 mL of Solution E to the bottom compartment only. Return the plate to the incubator.
19.
After 48 h, replace media in bottom compartment with 7.5 mL of Solution E.
20.
After 48 h, carefully replace media with 10 mL and 2 mL of 10% formalin in the bottom and transwell compartments, respectively. Incubate at 4˚C for 1 h. 21. Transfer each transwell to a sterile tissue-culture dish. Remove the transwell membrane from the carrier by gently cutting the membrane using a scalpel. 22. Transfer each membrane into a tissue cassette lined with a precut sheet of 100% chromatography paper. Gently close the cassette. 23. Wash the cassettes in PBS in a beaker for 10 min at room temperature. Repeat two more times.
24.
Transfer the cassettes to 70% ethanol and store at 4˚C.
25.
Process the tissue for paraffin embedding using standard histologic protocols. Cut sections vertically for staining.
TROUBLESHOOTING
Problem (Step 9): The collagen matrix did not contract. Solution: Healthy fibroblasts are crucial for matrix contraction. If there is inadequate contraction, consider using another source of fibroblasts (preferably low passage). Also, ensure that the fibroblasts are evenly mixed when applying to the transwell. Contraction may also be inhibited by an acidic pH. pH may vary with each batch of collagen from the supplier.
Problem (Step 9):
There is asymmetric collagen contraction. Solution: If there is asymmetric contraction of the collagen layer, then it is likely still affixed to the walls of the transwell. Gently detach the layer using a sterile Pasteur pipette.
Problem (Step 25):
The stratified epithelial layer is poorly organized. Solution: Healthy epithelial cells are essential for the creation of a stratified epithelial layer. Ensure that input epithelial cells are viable by minimizing the time from trypsinization to transfer to transwell. Use low passage, nonconfluent cells.
DISCUSSION
This protocol, adapted from Kalabis et al. (2012) , describes conditions for recreating stratified epithelium from primary or immortalized epithelial cells ex vivo. The resultant organotypic cultures contain a basal layer containing stroma and fibroblasts layered on a basement membrane. These cultures can be analyzed in a number of downstream assays, such as immunohistologic analysis (Kalabis et al. 2008) . We have previously shown using conventional H&E analysis that wildtype esophageal cells yield a stable stratified layer in this system. However, the use of TE12 human esophageal cancer cells results in an abnormal stratified epithelium featuring isolated areas of invasion into the basal compartment (Harada et al. 2003) . Laser microdissection of invading cells led to the identification of an invasion-associated transcriptional signature (Okawa et al. 2007 ). Potential genes involved in invasion were then confirmed functionally by genetically manipulating TE12 cells with shRNA and assessing the affect on invasion by histology.
Similarly, stromal-epithelial interactions can be dissected easily in organotypic culture (Okawa et al. 2007 ). Genetically manipulated fibroblasts can also be used. Further, soluble factors and cytokines can be studied in this system either by the exogenous addition of neutralization or by specific immunoglobulins. 
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